[P —

- e R PP

NASA TECHNICAL

MEMORANDUM
NASA TM X-64925
(FASA-TM-X-64925) ATMOSPH®RIC DIFFUSION N75-25334

PREDICTIONS FOR THE EXHAJST EFFLUINTS FROHM

THE LAUNCH O A TITAN 3C, D®ECIMBE: 13, 1973

(NASA) 81 p HC $4.75 CSCL 138 Unclas
G3/745 25222

ATMOSPHERIC DIFFUSION PREDICTIONS FOR THE

EXHAUST EFFLUENTS FROM THE LAUNCH OF A

TITAN I11C, DECEMBER 13, 1773

J. Briscoe Stephens, Editor
Space Sciences Laboratory

September 27, 1974

NASA

George C. Marshall Space Flight Center
Marshall Space Flight Center, Alabama

MSFC - Form 3190 (Rev June 1971)

- PR R SCW PR SR S P T E o IR e AT S



L1 B R AT o K T A TR RIS Y ARSI T I T

R

TECHNICAL REPORT STANDARD TITLE PAG
t. REPORT NO. 2. GOVERNMENT ACCESSION NO, 3, RECIPIENT'S CATALOG NO.

NASA TM X-64925
4. TITLE AND SUBTITLE S. REPORT DATE

Atmospheric Diffusion Predictions for the Exhaust Effluents from September 27, 1974

the Launch of a Titan IIIC, December 13, 1973

6. PERFORMING ORGANIZATION CODE

J. Briscoe Stephens, Editor

7. AUTHOR({(S} 8. PERFORMING ORGANIZATION REPORT #

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10, WORK UNIT NO.
George C. Marshall Space Flight Center

Marshall Space Flight Center, Alabama 35812 1. CONTRACT OR GRANT NO.

12. SPONSORING AGENCY NAME AND ADDRESS

Washington, D.C. 20546

National Aeronautics and Space Administration Technical Memorandum

13. TYPE OF REPOR & PERIOD COVERED

14. SPONSORING AGENCY CODE

15. SUPPLEMENTARY NOTES

Prepared by Space Sciences Laboratory, Science and Engineering

18. ABSTRACT

Results for the predictions with the NASA/MSFC Multilayer Diffusion Model for the
dispersive transport of the Titan IIC rocket exhaust effluents for the 1857 EST launch on
December 13, 1973, from the Eastern Test Range at Cape Canaveral Air Force Station are
presented. This atmospheric assessment was made in support of the joint Marshall Space
Flight Center, Langley Research Center, and Kennedy Space Center rocket exhaust predic-
tion and measurement program. These predictions were primarily intended to define a
monitoring grid and for a postflight assessment of the field measurements in order to
improve diffusion prediction techniques.

17. KEY WORDS 18. DISTRIBUTION STATEMENT

Fluid Mechanics

Aerosp:.ce Rocket Effluent Dispersion Modeling Unclassified - Unlimited
Atmospheric J

. < e,
/ ' (_’-r\ ’r‘ /,-’: Lpe %) éi-,')" /f;-’ﬂ(/.')

19. SECURITY CLASSIF, (of this report) 20. SECURITY CLASSIF, (of this page) 21. NO. OF PAGES | 22. PRICE

Unclacssified Unclassified 81 NTIS

MSFC . Form 3292 (Rev December1973)

For sale by National Technical Information Service. Springfield. Virginia 22151

[



ACKNOWLEDGMENT

This document presents work done by personnel on the Atmospheric Dif-
fusion/Environmental Assessment Technical Team of the Atmospheric Dynamics
Branch (E$43), Aerospace Environment Division, Space Sciences Laboratory,
Marshall Space Flight Center, Alabama. Mr. R, K. Dumbauld and Mr. Jay R.
Bjorklund of the H. E. Cramer Company, Salt Lake City, Utah, made significant
contributions to this overall effort. The comments made by Dr. Roger Stewart,
Langley Research Center, were both enlightening and helpful.

5 o, It Tk .



TABLE OF CONTENTS

Page
s[m/IMARY ® 8 8 8 & 8 0 5 4 4 0 8 & v 8 G T B 6 O O s RPN N e s s oo 1
SECTION I INTRODUCTION ... cvceeoncososnscancasss 2

SECTION 1II, NASA/MSFC MULTILAYER DIFFUSION MODEL ... 4

A, Altitude of Cloud Equilibrium ...¢sc000esae 4
B. Generalized Diffusion Model .« . ¢ ¢ oo oo oo eews
C. Real-Time Diffusion Prediction + « « « ¢ ¢« ¢ s « s o 8

2]

SECTION III. DIFFUSION PREDICTIONS FOR THE TRANSPORT OF
THE SOLID ROCKET MOTOR EXHAUST EFFLUENTS
FROM THE LAUNCH OF A TITAN IIIC VEHICLE . .. 10

A. Chemical and Thermodynamic Characteristics of

the Titan Il Exhaust Effluents .. .00 00 ve v 10
B. Meteorological Conditions .4 « e e o e v oo v e o0 e 12
C. Input Parameters for the Diffusion Model...... 14
D. Predictions for the Concentrations of Exhaust

Effluents from the Launch of the Titan IIC. ... . 19

SECTION IV. CONCLUSION ¢ 44t oo vsevnnscnnsossssencss 33

APPENDIX A — EXHAUST EFFLUENT CLOUD RISE ALGORITHM
FORTHETITANl.'...l..‘...I.Il..ll.... 35

APPENDIX B — THE DESCRIPTION OF THE NASA/MSFC
MULTILAYER DIFFUSION MODEL AND THE NASA/
MSFC SURFACE-LAYER DIFFUSION PROGRAM . ... 39

A, The Description of the Models in the NASA/MSFC
Multilayer Diffusion Model .+ o oo v v v e v v 0 anas 39
B. Concentration-Dosage Formulation for NASA/
MSFC Multilayer Diffusion Models o v o o v 0o 0 s 0 o 43
C. Titan III Version of NASA/MSFC I ffusion
Model oot eievereenssonnssenosnncas 52

iii



AT PURT iyt Par 0 om STn 4 tey 2 e

e

TABLE OF CONTENTS (Concluded)

Page

APPENDIX C — INPUT PARAMETERS FOR THE NASA/MSFC
MULTILAYER DIFFUSION MODEL . v 4 e vevseoeen 61

APPENDIX D — TOXICITY CRITERIA .., .. cieeeessnsnsssncnns 65

REFERENCES'.ll.-..-.I....Ill..t.l.....I.l.....l. 68

iv



W\

e g S P

10.

11,

LIST OF ILLUSTRATIONS

Title
Atmospheric conditions at launch time (T-0) ¢4 s oo e oo oo

Surface synoptic weather map for launch day [0700 EST
(12002), December13, 1973] P R R R R e A A I R

Forecast of atmospheric conditions for launch time made 6
hours prior to launch (T-6 hours) « .« eeeeoeeeeoseoos

Predicted exhaust effluent cloud rise history for launch
atmOSphere(T-O) @ 06 ¢ M & 8 5 0 068 ¢ 6 8 % 0 G 60 2 s G0 e 2 s e N

Predicted exhaust effluent cloud rise history forecasted 6
hours prior to launch (T-6 hoUTS) « e oo s s v eaoeoeaas

Model 3 launch prediction for the centerline concentrations
anddosages(T_O) @ o & % 8 5 0 & 0 8 & 0 o & 5 0 5 % s 0 0 s s eD

Model 4 launch predictions for the centerline concentrations
anddosageS(T-o) ® 5 @ ® & & 8 ¢ 8 8 8 0 & % 9B B B S 0 " 0 BB S " 0o

Model 3 launch prediction for the HCI isopleths (T~0) + ... .
Model 4 launch predictions for the HCl isopleths (T-0) . ...

Forecast predictions for the launch centerline concentrations
anddosages (T—GhourS) » 6 8 & 0 & 0 & 9 B 4 2 G s 8 e 8 2 0 00 s

Model 3 forecast predictions for HCl1 isopleths at launch
(T_6h0urs)..l......lu..."..l...l".....l”

Analysis of the temporal ascent of the Titan ITIIC exhaust

ClOUd ® 0 & 5 5 0 ¢ 2 0 % 0 0 0 s s W S0 P 0 L L 0 e e st s s s

Block diagram of the computer program for the NASA/MSFC
Multilayer Diffusion Mode: .. cveeoeertnvserssoevses

Page

13

15

16

18

19

22

23
24

25

29

30

31

41



S A RS 1

Eidat

Table

LIST OF TABLES

Title

Fuel Properties of the Titan IIC Zero-Stage Engines . .
Input Parameters for Cloud Rise Formula. . .. ...
Meteorological Model Inputs for the Six Layers . . . .

Source Inputs for StabilizedCloud . . . . .. .. ...

Page

.. 11

. . . 17

21

. L] L 21

Model 3 Surface Exhaust Cloud Length and Transit Time

Predictions . . . ¢ ¢ ¢ v v v v o v o v v 0 0 e s . s e

Predictions for Instrument Sites at Launch Time

Utilizing Model 4 . . . . . . . ¢ v v v v v o v s v o o
Source Inputs for the Multilayer Model Calculations. .
List of Meteorological ModelInputs . . . . . .. ...

Air Quality Toxicity Standards . . . . . ... .. ...

vi

27

28

62

63

67

&
—



ek g e e e e 4 Ve

D(x,y,z)

H
K(r,t,p, T)
L,

1

M

OH DO

=

I

SYMBOLS AND DEFINITIONS
Equations

dosage at the point x, y, and z (ppm-sec or mg sec/m?)

bouyancy term in the instantaneous cloud rise formula
3gQy

40p7rTS Py

height of the stabilized exhaust cloud (m)

diffusion coefficient

ith dimension of the rocket exhaust cloud (m)

molecular weight (g/mole)

heat release source strength (cal)

mass source strength of the exhaust cloud (ppm)

universal gas constant (0. 289 Joule/g °K)

temperature (°K)

specific heat of air at constant pressure (0, 24 cal/g °K
or 1,003 Joules/g °K)

fractional amount of the total effluent which is released
by the rocket in the surface mixing layer

gravitational acceleration (9.8 m/sec?)

power law exponent for the vertical profile of the wind
azimuth

power law exponent for the wind speed
power law exponent for the vertical profile of the

standard deviation of wird elevation angle in the
surface mixing layer

vii
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SYMBOLS AND DEFINITIONS (Continued)

n

initial cloud radius at the rocket exit (m)

stability parameter

8 -
G

time required for the exhaust cloud to reach equilibrium
with the atiwosphere at the stabilization height (sec)

mean (time) wind speed (m/sec)
average (space) wind speed (m/sec)

downrange distance in the wind direction from the point
of cloud stabilization (m)

distance from the centerline along the wind direction

(m)

height of the stabilized exhaust cloud (m)
horizontal diffusion coefficient (o = 1)
vertical diffusion coefficient (8 = 1)
entrainment coefficient ( Titan: 0, 64)
density of the ambient air (mg/m?)

standard deviation of the distribution of the exhaust
effluents in the exhaust cloud in the ith direction (m)

standard deviation of the wind azimuth angle at the
surface (deg)

standard deviation of the wind azimuth angle at the top
of the layer (deg)

viii
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Centerline:

Concentration:

Dosage:

Ground Cloud:

Plume Cloud:

SYMBOLS AND DEFINITIONS (Continued)

= standard deviation of the wind elevation at the surface
(deg)

= standard deviation of the wind elevation angle at the top
of the surface mixing layer (deg)

= potential temperature (°K)
= vertical gradient of the potential temperature (&)

= change in wind direction between the top and bottom of
the surface mixing layer

= OT-GB(deg)

= the concentration (ppm or mg/m?)

Terms

the radial vector in the direction of the mean wind direction
whose origin is the point of cloud stabilization.

the amount of th- effluent present at a specific time. The
average concentration is the average amount present during
the event.

the measure of the total amount of effluent (time integrated
concentration) due to the launch vehicle at a specific
location.

that cloud of rocket effluents emitted during the initial
phase of vehicle launch. This cloud is assumed to have
an ellipsoidal shape.

the cloud of rocket effluents emitted from the vehicle in

flight. This cloud has a cylindrical shape whose height is
defined by the vertical thickness of the layer.

ix
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Potential Tem-
perature (& ):

Quasiadiabatic
Layer:

Stable Layer:

SYMBOLS AND DEFINITIONS (Concluded)

the temperature a volume of dry air would have if brough'
adiabatically from its initial state to the standard press’
of 100 mb.

a layer in which the vertical potential temperature
gradient is zero or less.

a layer in which the vertical potential temperature
gradient is positive.
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TECHNICAL MEMORANDUM X-64925

ATMOSPHERIC DIFFUSION PREDICTIONS FOR THE EXHAUST
EFFLUENTS FROM THE LAUNCH OF A TITAN !11C,

DECEMBER 13, 1973
SUMMARY

J. Briscoe Stephens, Editor

Forecasts and predictions for the dispersive transport of the Titan ITIC
rocket exhaust effluents launch at 1857 EST on December 13, 1973, from the
Eastern Test Range were obtained utilizing the NASA/MSFC Multilayer Diffusion
Model. These forecasts and predictions were employed by personnel of Langley
Research Center to determine the deployment of their rocket exhaust effluent
monitoring grid.

In the past, the calculations for these predictions were performed on
computers located at Marshall Space Flight Center and the results were trans-
mitted to the launch site. Real-tiine diffusion calculations were performed for
the first time onsite at the Range Control Center, Cape Canaveral Air Force
Station, on a programmable desk calculator — the MSFC computer computation«
were used only as backup computations. The results showed that in spite of
certain limitations, onsite real-time calculations were superior to the remot
calculations necause the graphics were feasible with onsite predictions. The
data reducticn time for the online calculations was approximately 30 minutes.

Our diffusion predictions for this launch showed that the surface maxi-
mum concentration for this Titan III exhaust ground cloud did not exceed the
environment standards. The exhaust cloud was transported out to sea.

This launch clearly taught us that the land-sea interface must be taken
into account in the exhaust cloud height predictions — especially at night when
large temperature gradients exist. We can further conclude from a postflight
analysis that our predicted concentration fields were stronger than actually
measured. This was due, in part, to a lower altitude prediction for the ground
cloud stabilization.
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SECTION I, INTRODUCTION

J. Briscoe Stephens and Leonard L. DeVries

The NASA/MSFC Multilayer Diffusion Model has been utilized to predict
the dispersion of the effluents from the Titan IIIC vehicle which was launched
from the Eastern Test Range at Cape Canaveral Air Force Station at 1857 EST on
December 13, 1373, (Launch Number 7433). These predictions were made in
real time at the Range Control Center on a desk calculator [ 1], backed up by
computer predictions [ 2] at Marshall Sprce Flight Center.

The National Environmental Policy Act of 1969 and the April 23, 1972,
guidelines of the Council on Environmental Quality require impact statemenis
for assessing the environmental perturbations from the Space Shuttle and other
NASA space vehicle rocket motor effluents. Development of quantitative pro-
cedures for estimating the space vehicle rocket motor exhaust effluents hazard
has been underway for over a decade at the NASA's Marshall Space Flight
Center. These computerized procedures for estimating the tropospheric
transport of potentially toxic exliaust effluents have been developed [ 1, 2] based
on Gaussian diffusion modeling techniques. In addition to estimates of atmos-
pheric transport, estimates of dispersion and decay of all airborne toxic mate-
rial released as a result of normal launch operations must also be provided fox
cases Involving fuel spillage, vehicle abort, or vehicle destruct situations,

Universally accepted and adequately validated prediction techniques for
the rocket motor effluent problem are not available, and much uncertainty
exists concerning very important aspects of the problem, such as: the amount
and composition of the rocket engine effluents and their dispersal and transport
in the atmosphere. The available atmospheric measurements to ascertain the
reliability of the description of rocket efflnent dispersion models in the atmos-~
i liere are sparse ana still of questionable accuracy. On the other hand, the
requirements for estimating toxic fue! hazards clearly exist in order to estab-
lish special constraints on operations, test, and launch activities to assure
that allowable concentrations of these effluents will not be exceeded. The need
for implementing a program for monitoring rocket engine exhaust effluents has
been recognized for many years., As a resul: of informal discussions between
representatives of NASA Headquarters, Marshall Space Flight Center, Tanglev
Research Center, and Kennedy Space C~‘_r. it became apparert that 2 NASA
in-house rocket engine effluent prediction and measurement program was
desirable, possible, and feasible; therefore, such a program was initiated in
1972,
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A joint solid rocket motor exhaust prediction (Marshall) and measure-
ment (Langley supported by Kennedy) program has evolved utilizing the Titan
launches as a soucce for empirical information that can be employed to more
accurately predict the environmental impact of the Space Shuttle under varying
atmospheric conditions. Determination of thz locations for the sensor matrix
and the sampling interval at each location, which is dependent on the atmos~
pheric thermodynamics and kinematics, affords an operational capability for
a real-time forecast for the transport and dispersion of these exhaust effluents.
This forecast is performed with the NASA/MSFC Multilayer Diffusion Model.
Since a real-time requirement exists it was considered more efficient to reduce
the generality of the NASA/MSFC Multilayer Diffusic 1 Algorithms to a degree
where th~ primary calculations could be done on a programmable desk calcula-
tor (HP 9820) at Cape Canaveral and backup calculations of greater detail could
be performed at Marshall Space Flight Center on computers.

Before considering the results of the predictions for the dispersive
transport of the Titan exhaust effluents from this launch, a brief summary of the
NASA/MSFC Multilayer Diffusion Modeling techniques is given. The detailed
discussion of the models and algorithms associated with this modeling are given
in the appendices.



SECTION II. NASA/MSFC MULTILAYER DIFFUSION MODEL

J. Briscoe Stephens

The spatial description, in terms of concentration and dosage, of the
dispersive transport of effluents from a discrete source is afforded by the
NASA/MSFC Multilayer Diffusion Model. Specifically, this application of
the model is for the prediction of the concentration distribution associated with
the rocket exhaust effluents emitted during the launch of a Titan IIT vehicle in
order to ascertain the grid for the effluent monitoring matrix and the operation
interval for the sensors. This application also permits the assessment of the
environmental effects of solid rocket effluents. The dispersive description
accorded by the Multilayer Diffusion Model is initiated at the point where the
ground cloud of exhaust effluents reaches thermodynamic equilibrium with the
environment; and, therefore, this description depends strongly on the kinematic
and thermodynamic profiles of the atmospheric conditions along with a knowledge
of the chemistry and thermodynamics of the exhaust effluents present in this
cloud.

The initial considerations in this section are given to the review of the
techniques for establishing the spatial location of the ground cloud equilibrium
(see Symbols and Definitions). Secondly, a general summary of the Lagrangian
dispersion of a volume source is given as an introduction to the relevant diffu-
sion descriptions for the Titan effluents accorded by the NASA/MSFC Multilayer
Diffusion Model. (A general description of this NASA model is given in
Appendix B.) Then the assumptions that are utilized in the NASA/MSFC
Surface-Layer Diffusion Model for real-time predictions are given. The
significant mathematical expressions supporting these discussions have been
included in Appendices A, B, and C. Appendix D gives the toxicity standards
for the effluents from the Titan III.

A. Altitude of Cloud Equilibrium

The effluent cloud rise relations are employed to determine at what
altitude the ground cloud reaches thermodynamic equilibrium (cloud stabiliza-
tion) with the environment. The location of this altitude is significant since
this point serves as the origin of the dispersive dcscription. This equilibrium
point is chosen as the origin in order to eliminate complex thermodynamic
considerations — thus, limiting the diffusion problem to solely kinematics [ 3].

The burning of rocket solid motors results in the formation of a cloud
of hot exhaust products which subsequently rises and entrains ambient air
(99.9 percent air) until a thermodynamic equilibriun. with ambient conditions
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is attained. For normal launches, this cloud is formed principally by the
forced ascent of hot turbulent exhaust products that have been deflected later-
ally and vertically by the launch pad hardware and the ground surface. The
height at which this ground cloud stabilizes is determined by the vehicle

type — in this case the Titan ITIC — and atmospheric stability. The vehicle

type determines whether a continuous or instantaneous source model is
required. In the instantaneous source model, spherical entrainment is
assumed; that is, the entrained ambient air enters the exhaust cloud uniformly
from all directions. In the continuous source model, cylindrical entrainment

is assumed; that is, the entrained ambient air enters the cloud uniformly only
on the sides of the cylinder and not the ends. Thus, this terminology — con-
tinuous or instantaneous source — in reference to the cloud rise model does not
directly imply the duration of the exhaust cloud, as it does in the diffusion
model, but only implies the form of the entrainment process. The entrainment
process is a function of the residence time of the vehicle on the pad. Experience
to date indicates that the buoyant rise of exhaust clouds from normal launches

of solid-fueled vehicles such as the Titan III is best predicted by using a cloud
rise model for instantaneous sources [4]; the cloud rise for large liquid-fueled
vehicles is best predicted by the use of a cloud rise model for continuous
sources [ 5,6, 7]. While no cloud rise data are available for on-pad aborts,
cloud rise data from static tests of liquid-fueled rockets indicate that the use of
a cloud rise model for continuous sources is appropriate for a slow conflagration
of the vehicle. Because the scope of this discussion is restricted to the normal
launch of a Titan ITIC, detailed considerations of the exhaust cloud rise relations
in Appendix A are restricted to the instantaneous source.

The exhaust cloud rise model for an instantaneous source has two formu-
lations in accord with the atmospheric temperature lapse rate. This model
assumes that the atmosphere is either quasi-adiabatic or stable. Here the
quasi-adiabatic is where the adiabatic atmosphere is the limit, which means
that the potential temperature difference (A% ) — which is a measure of the
entropy change in the atmosphere — is zero or less, where the potential tem-
perature difference is given by

AR =8 -3 (1)

where & . and & _ are the potential temperatures at some height z and at the

R
surface reference. The potential temperature (& ) is defined as

0. 288
5 - T<-—1°:°> (2)
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where T is the temperature at an altitude whose corresponding pressure is

p, ® is the temperature that a volume of air would have if it were adiabatically
(no heat transfer) compressed (or expanded) from p to 1000 millibars. If

this potential temperature difference is positive, then the atmosphere is

treated as stable because there is an entropy increase with altitude. Since in
most cases of interest there will be an inversion layer present, the stable

cloud rise formula is the relation normally utilized to determine the equilibrium
height of the exhaust cloud. Here a balance between the exhaust cloud entropy
and the a*mospheric entropy is achieved.

B. Generalized Diffusion Model

The generalized diffusion model describes the kinematic transport —
in terms of the temporal and spatial levels of concentration and dosage — of
the exhaust constituents assuming the effluents in the cloud are in thermo-
dynamic equilibrium with the environment. A Lagrangian model is assumad,
where volumetric cloud expansion is about a reference point moving at the
average velocity of the homogeneous fluid, For diagnostic and interpretative
flexibility in this discussion, this model will be formatted in a modular form
for both concentration and dosage; and since the diffusion algorithms for the
spatial concentration are an extension of the dosage algorithm (Appendix B),
the modulaf form of the dosage is considered first.

The generalized dosage model for a nearly instantaneous source is
defined by the product of four modular terms:

Dosage = (Peak Dosage Terms) x (Lateral Term)
% (Vertical Term) % (Depletion Term);

whereas, the generalized concentration model for a nearly instantaneous source
is expressed as the product of five modular terms:

Concentration = (Peak Concentration Term) x (Along-Wind Term)
% (Lateral Term) x (Vertical Term)
X (Depletion Term) .
These mathematical descriptions for the dosage and concentration models

permit flexibility in application to various sources and for changing atmospheric
parameters by maintaining a rigorous mass balance.



Two obvious differences exist between the dosage and concentration
models. First, the peak concentration term refers to the concentration at the
point x, y=0, z= H (where x is along the wind direction and H is any
height) and is defined by the expression

Peak Concentration = Q , (3)
3,
@2r) %0 o o
Xy Z

where Q is the source streng.h and o, is the standard deviation of the con-

centration distribution in the ith direction; whereas, the peak dosage term is
given by

Peak Dosage = —8 (4)

Zwﬁoa
y 2z

where u is the mean wind speed over time and space. The second difference
between these models is that the concentration contains a modular along-wind
term to account for downstream temporal effects not considered in the dosage
model. The along-wind term affords a Gaussian decay in the concentration as
a function of cloud transit time and the mean wind speed for the concentration
“istribution.

The lateral term, common to both models, is another Gaussian term
which is a measure of the number of lateral standard deviations away from the
centerline of the calculation. The lateral standard deviation is a function of
the lateral diffusion coefficient and the variance in the horizontal wind azimuth,
The vertical term, common to both models, is similar to the lateral term
except that the vertical components are utilized and reflection is accounted for
~+ the fop and bottom of the layer.

The last modular in both models is the depletion term. This term
accounts for the loss of material by simple decay processes, precipitation
scavenging, or gravitational settling. While this option exists in the NASA/
MSFC Multilayer Diffusion Model, the depletion function will not be utilized
for the Titan IIT exhaust modeling of this launch. Since each of the modular
tems in these general relations is dependent upon empirical parameters that
can only be determined from actual solid rocket launches, it is incumbent to
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perform reliable measurements of the dispersive transport from the effluent
for as many solid rocket launches, such as the Titan IIl, as possible to insure
maximum reliability in these empirical diffusion parameters., This will in
turn afford a more accurate diffusion description from the model for Shuttle
launches.

C. Real-Time Diffusion Prediction

A spatial description of the concentration and dosage fields resulting
from the launch of a Titan III vehicle has been developed which affords real-
time diffusion predictions by specialization of Model 3 in the NASA/MSFC
Multilayer Diffusion Model (Appendix B) [1]. The primary function of these
real-time diffusion predictions is to estimate the HC1 concentration fields prior
to launch, from a meteorological forecast, for the deployment of instrumenta-
tion to monitor the transport of the exhaust effluents from the solid rocket
motors which are released during the launch of a Titan III. These predictions
are made on a portable programmable desk calculator (HP 9820) ai Cape
Canaveral.

These diffusion predictions include graphical descriptions for: (1) the 4
forecasted atmospheric profil. at launch time, (2) the temporal exhaust cloud
rise history, (3) the centerline concentrations and dosage profile for HCl
along the cloud' s transit path, and (4) the HCl concentration isopleths. The
meteorological profile gives the delineations for the kinematics and thermo-
dynamics of the first 2 km of the atmosphere along with the values for the
surface density, pressure, and temperature. Both the dry bulb temperature
and the potential temperature profiles are given. The dry bulb temperature
profile is given as a guide to layering, since it clearly shows inversions and
isothermal layers. The potential temperature, which is the pressure-normalized
dry bulb temperature [ equation (2)], gives a relative measure of the atmos-
pheric entropy and is the fundamental parameter in determining the height of the
cloud stabilization where the exhaust cloud is in equilibrium with the atmosphere.
Since the type of atmosphere — adiabatic or stable — determines the cloud rise
relation that is emplcved, the potential temperature profile affords a quick-look
procedure for this thermodynamic classification of the atmosphere as a function
of altitude. (Potential temperatures that fall to the left of the vertical line
through the surface potential temperature are in the superadiabatic regime,
while those to the right are in the stable regime.) The temporal history of the
ascent of the exhaust cloud gives the time and height of cloud stabilization. This
graph also shows the atmosphere regimes which were adiabatic and stable.



The remaining two graphical descriptions utilized the specialized
version of the NASA/MSFC Multilayer Diffusion Model which we will refer to
as the NASA/MSFC Surface-Layer Diffusion Model (mathematical consider-
ations are given in Appendix B) since it considers only the kinematic effects
in the surface mixing layer. The Surface-Layer Diffusion Model is designed
to give the predicted concentrations and dosages at the surface., This model
assumes that the standard deviations in the temporal fluctuations of the wind
direction in elevation and azimuth are the same and that the diffusion coeffi- P
cients are one — otherwise, this model is the same as Model 3 in the Multi-
layer Diffusion Model. This specialized diffusion model is employed in
determining the centerline concentrations and dosages of HCI for the first
20 km after cloud stabilization. (Note: All distances on this figure are
measured from the point of cloud stabilization and not from the launch site, )
This graph also gives the values for the maximum concentration and the height
of the surface mixing layer. The option exists to retrieve the surface cloud
size and passage times along this cloud path.

The final graphical description is normally superimposed on a map of
the Cape Canaveral area and shows the HCI concentration isopleths along with
the exhaust cloud path. The points at which cloud stabilization and the maxi-
mum concentrations occurred are shown along with their corresponding cloud
passage times after launch. An additional time mark is given so that the cloud
passage time can be determined for any point after cloud stabilization values
for the location relative to the launch sites of the point of maximum concentra-
tion along the time of occurrence are printed out.

It should be emphasized that the accuracy of the real-time diffusion
predictions depends very strongly on the meteorological forecast used. The
most critical parameter in this forecast relative to the deployment of a monitor-
ing matrix is the wind direction. Results of these predictions are considered
in the next section,

e cC



SECTION 111, DIFFUSION PREDICTIONS FOR THE TRANSPORT
OF THE SOLID ROCKET MOTOR EXHAUST EFFLUENTS FROM
THE LAUNCHOF A TITAN 111C VEHICLE

J. Briscoe Stephens, Leonard I.. DeVries,
C. Kelly Hill, and Michael Susko

Predictions of the surface concentration and dosage fields of the poten-
tially toxic constituents in the exhaust effluents of the Titan ITIC vehicle, which
was launched from the Eastern Test Range at Cape Canaveral Air Force Station
at 1857 EST on December 13, 1973, are discussed here. These predictions
include both the forecasted diffusion predictions and the launch diffusion pre-
diction obtained with the NASA/MSFC Surface-Layer Diffusion Model [ 1} along
with the launch predictions obtained with the NASA/MSFC Multilayer Diffusion
Model (2]. Because these predictions were in support of a ground measure-
ments program, the primary emphasis in these predictions was directed toward
surface effects.

The two basic kinds of input parameters required for diffusion predic-
tions are (1) the chemical and thermodynamic characteristics associated with
the vehicle exhaust products and (2) the atmospheric conditions into which
these exhaust products are being released. Therefore, the characteristics of
the Titan III exhaust effluents will be initially considered followed by the
meteorological conditions as an introduction to the launch diffusion predictions.
These launch predictions will be utilized as baseline in the discussion of the
forecasted diffusion predictions.

A. Chemical and Thermodynamic Characteristics of
the Titan 11 Exhaust Effluents

To ascertain the height and composition of the stabilized exhaust cloud
from the Titan III, an inventory of the chemical and thermodynamic properties
of the Titan HI exhaust effluents is necessary since they constitute or dictate
the source input parameters to the NASA/MSFC Multilayer Diffusion i.odel,

The existence of a low altitude exhaust cloud, resulting from the launch
of a Titan rocket, has been observed and is theoretically predicted. This
exhaust cloud is comprised of less than 1 percent rocket exhaust effluents and
more than 99 percent entrained air and will normally stahilize at an altitude
somewhere between 500 m and 1500 m, The solid rocket motor effluents
(Table 1) include hydrogen chloride, carbon monoxide, alundum, nitrogen,
water vapor, carbon dioxide, hydrogen, and nitrogen monoxide. Our interest
here is directed toward hydrogen chloride, carbon monoxide, alundum, and

10



TABLE 1. FUEL PROPERTIES OF THE TITAN IIC
ZERO-STAGE ENGINES®

Fuel Emission Factors (Fraction by Weight)

Hydrogen Chloride HC1 0.210
Carbon Monoxide coO 0. 2'79b
Alundum Al,04 0,304
Nitrogen Ny 0.084
Water Vapor H,O 0,087
Carbon Dioxide CcO, 0.029
Hydrogen H, 0,025
Nitrogen NO 0.0002

Fuel Expenditure Rate

W = 4.174 x 108 g/sec

Fuel Heat Content

q (dry) = 691 cal/g
q (water) = 608 cal/g

a. Information supplied by A. E, Weller of Battelle Columbia
Laboratories.
b. May be converted to CO,.

carbon dioxide, since these are the potentially toxic constituents (Appendix D)
which could result in adverse impacts if exposures to high concentrations of
these effluents occurred.

A logarithmic least-squares regression analysis of the Titan III fuel
expenditure data was utilized to determine the relationship between the vehicle
ascent time (tR: sec) and the vehicle altitude (zR: m) [4], which is

- 0.4837
tR = 0, 63463 Zp

11
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Based on the Titan fuel expeaditure rate (W= 4,174 x 108 g/sec), the fuel
expenditure (W: g) as a function of altitude is

W = 2.648946 x 10% HO* 4337

where H is the height of cloud stabilization. To obtain the amount of a con-
stituent in this source, the fractional percent by weight associated with the
constituent, which is given in Table 1, is mulitplied by the total fuel expendi~
ture (W) for the surface mixing layer.

To obtain the amount of heat present in the rocket exhaust, which deter-
mines the exhaust cloud stabilization height, a fuel heat constant (q: cal/g)
must be determined. The normal fuel heat constant associated with the Titan
IIIC rocket fuel is 960 cal/g of fuel expended. Thisheat constant assumes a
release of exhaust effluents into dry air. When Titans are launched from the
Eastern Test Range, water is sprayed on the launch pad. According to H. E.
Eley, Aerospace Corporation, a total of 209 000 gal of water was released on
the pad and all but 27 600 gal could be accounted for after the launch of the
Titan ITIC on December 13, 1973 (Table 1). Thus we assumed that most of
this 27 600 gal of water was vaporized by the heat of the rocket exhaust: there-
fore, this heat loss is reflected in the value of the fuel heat content we use.
This corrected fuel heat content is 607, 754 cal/g of fuel for this launch, Then,
the Titan heat released (Q: cal) is

Q = 1.609907 x 10% HO 4837

for a cloud stabilization height of H. This value was employed in our cloud
rise calculation (Appendix A).

This Titan exhaust was not photographed because the launch was at
night; therefore, a direct comparison of our results for cloud growth as a
function of cloud rise cannot be made. However, these relations have been
tested during other launches.

B. Meteorological Conditions

Meteorological forecasts for the atmospheric conditions at launch time
(1857 EST, December 13, 1973) were made every few hours during the day
preceding the launch, Thesc forecasts of the wind kinematics and the atmo-
spheric thermodynamics were utilized to make predictions of the dispersive
transport of the exhaust effluents for the deployment of the monitoring network.
The parametric data used in these forecasts were obtained from rawinsonde

12
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soundings and meteorological towers located around the launch site. These

data were employed in conjunction with routine regional and national synoptic
weather charts to provide the forecast of the necessary atmospheric parameters
for the NASA /MSFC Multilayer Diffusion Model. Preliminary forecasts for

the diffusion predictions were riade as early as 1 week prior to the launch,
During the last 8 hours prior fo launch, the diffusion predictions were made
approximately every 2 hours. The diffusion prediction made 6 hours prior to
the launch was critical for the deployment of the monitoring network, and the
diffusion prediction made 1 hour prior to the launch was critical for determining
the period of operation for the monitoring instrumentation,

The atmospheric profiles for the wind velocity, dry bulb temperature,
and potential temperature at approximately launch time obtained from a
rawinsonde sounding released from the Cape Canaveral Weather Station at 1901
EST is shown in Figure 1, Since the rawinsonde is released at a site about
10 km from Complex 40 where the Titan was launched, the surface conditions
utilized are taken from the meteorological tower (110) located between the two
Titan launch complexes (Complexes 40 and 41). The continuous monitoring

T T —r T T T T T T T T T T T
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Figure 1, Atmospheric conditions at launch time ('1-v).
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of the meteorological conditions at NASA's 150~-m Ground Wind Tower on
Merritt Island provided information that was helpful in noting critical trends
in the lowest layers of the atmosphere during the periods between rawinsonde
soundings. Fair weather persisted over the region at launch time. A surface
high pressure system developed over Texas several days earlier and moved
slowly along the Gulf States to be centered over Florida at 0700 EST (12002),
December 13, 1973, as shown in the synoptic weather chart (Fig. 2). 1his
surface synoptic weather chart, although prepared 14 hours prior to launch
time i8S representative and did not change radically through the time of launch.
Surface pressure values within this high pressure weakened ste- ’ily, and by
launch time the system had moved eastward away from Florida and lost identity.
The weuther pattern over Florida was being replaced at launch time by south-
westerly flow associated with the approaching cold front that had moved into
extreme northern Florida by launch time,

The T-6 forecast (Fig. 3), which was made 7 hours preceding the
launch, agreed 2verall rather well with the rawinsonde sounding at launch.
The wind direction prediction varied approximately linearly with altitude from
220 deg at the surface to 252 deg at an altitude of 1500 m compared with the
actual wind direction at launch of 210 deg at the surface to 243 deg at an
altitude of 1450 m — that is about a 10-deg difference between the two wind
direction profiles. The forecasted temperature profile did not reflect the
radiation inversion over the first 160 m that occurred at launch, which means
that the predicted cloud stabilization height for the forecast will be higher than
the actual height. There is about a 3 m/sec difference in wind speed which
will affect the range out to the point of maximum concentration.

C. Input Parameters for the Diffusion Model

Based on the characteristics of the vehicle being launched — in
this case the Titan IIIC — and the atmospheric conditions at the time of launch,
a set of input parameters for the MSFC/NASA Multilayer Diffusion Model is
defined. The atmospheric therniodynamics and kinematics are the primary
varitbles in defining the spatial and temporal location of the exhaust cloud
stabilization, Vehicle characteristics define the amount of entropy in the
cloud and the size of the cloud.

The input parameters, except for the potential temperature gradient
used to obtain the temporal history of the asceni of the Titan IIT exhaust cloud
are given in Table 2. Since the potential temperature gradient (A& /3 2z =
Vztb) is a function of altitude, this must be obtained directly from the potential

temperatuvre profiles which are given in Figures 1 and 3. Because the residence
time on the pad of the Tiian is short, the instantaneous form of the cloud rise

14
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Figure 3. Forecast of atmospheric conditions for launch time made T
6 hours prior to launch (T-6 hours).
formula [ 8] (spherical entrainment) given in Appendix A is used. Since the
potential temperature gradient is positive in both the forecasted and launch
profiles at all altitudes of interest, the stable cloud rise formula for an
instantaneous source is used for this case, Using the values given in Table 2,
the temporal form for the stable insiantaneous cloud rise formula [ equation
(A-4)) can be expressed for the Titan ITIC as
e
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TABLE 2, INPUT PARAMETERS FOR CLOUD RISE FORMULA

A, Titan IIIC Characteristics

1. Heat released: Q= 1.609907 x 10% H'+ 837 ¢a]
2. Initial cloud radius: re = 0

3. Entrainment constant [9]: y= 0.64

4, Specific heat of air: cy= 0.24 cal/g °K

5. Initial vertical velocity: W0 =0

B. Meteorological Elements

Forecasted Measured
(1300 EST) (1900 EST)

1. Air density P 1221 g/m? 1217 g/m®
2. Ambient temperature T 290, 75°K 289.45°K

where t(sec) is the time for the exhaust cloud to rise to an altitude z(m).
Ts and p, are the surface temperature and density. The potential temperature

gradient (Vz«b ) is the difference between the potential temperature at an

altitude z and the surface. The altitude for cloud stabilization (H) is the
value of z that results in the argument of the arc cosine equaling a minus one.

The temporal history of the ascent of the Titan ITIC exhaust cloud for the
atmospheric condition at launch time is shown in Figure 4, and the temporal
history for the T-6 forecasted atmospheric conditions at launch time is shown
in Figure 5. These results suggest that the exhaust cloud would have reached
thermodynamic equilibrium with the atmosphere 149 sec after launch, with the
center of mass of the exhaust cloud located at a stabilization height of 560 m.
The relationship between this cloud height (H) and the exhaust cloud radius
(r) is

r=7YH | (6)

where 7Y is the entrainment coefficient. This means that the cloud radius was
358 m at cloud stabilization. The predicted values based on the T-6 forecast
were a rise time of 248  : at a stabilization height of 730 m. The difference

17



L il e e e N
4 :'. 1 ‘;"' T s e s s e <

\_

TEMPORAL ASCENT OF A TITAN III EXHAUST CLOUD
S EES A Sy BN S S RS SN I AN RIS LA EENLAEN SN LI S R A NN
1 RAWINSONDE DATA:42/43/73,4900 EST ADIABATIC -=--- -~
2890+ STABLE

CLOUD STABILIZATION HEIGHT = 560 m
2600+ TIME FOR STABILIZATION = 149 sec

ALTITUDE (meters)
-l
»H
o
o
1

RS U G T S T W WS SEEPUN TN U SN NN DU GNP U RN S

T

o+——7T—7T T T T T T T T T T T T T T T T T T T
0 60 120 180 240 300 360 420 480 540 600 660 720 780 840 900

TIME AFTER LAUNCH (seconds)

Figure 4. Predicted exhaust effluent cloud rise history
for launch atmosphere (T-0).

between the launch and the forecasted predictions for the cloud stabilization
parameters is due largely to the fact that the radiation inversion was not
forecasted. This might have been avoided by a T-24 hour rawinsonde sounding.
It should be noted, however, that in spite of the 30-percent difference in
stabilization height, in this case the concentration fields, as will be seen in

the next part, were not significantly different between the forecast and launch

predictions.

The top of the surface mixing laver at launch time was about 1450 m,
whereas we had used 1900 m in our T-6 hours forecast. This difference had

very little effect on the diffusion predictions. In both cases we did use the
same value of 7 for the standard deviation in the mean wind azimuth at the

surface (crAR) .
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Figure 5. Predicted exhaust effluent cloud rise hisiory forecasted
6 hours prior to launch ( T-6 hours).

Since there was a requirement for the definition of the near field con-
centrations of HCl, Model 4 was used. TLis required the layering of the sur-
face mixing layer. The layering is shown on the respective atmospheric profile
in Figures 1 and 3. This layering was selected both to reflect the changes in
atmospheric gradients and to ensure a reasonable distribution of the source
material in Model 4.

D. Predictions for the Concentrations of Exhaust Effluents
from the Launch of the Titan 11IC

The predictions for the dispersion of the exhaust effluents from the
launch of the Titan ITIC on December 13, 1973, at 1857 EST from the Eastern
Test Range at Cape Canaveral Air Force Station will be considered. While
results for all the potentially toxic rocket exhaust constituents — hydrogen
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chloride (HC1), carbon monoxide (CO), carbon dioxide (¢ O,), and alumina
(A1,04) — will be summarized based on the atmospheric ccadition at launch
time, only the results for hvdrogen chloride will be given (leaving the other

« 'nstituents for the reader to extrapolate if needed) for the T-6 hours forecast
tor the atmospheric conditions at launch time.

The diffusion predictions for this launch were made in real time on-line
at the Range Control Center for the Eastern Test Range on a programmable
desk calculator by Marshall Space Flight Center and H. E. Cramer
Company personnel using the NASA/MSFC Surface-Layver Diffusion Model.
Simultaneously, at Marshall Space Flight Center, the same diffusion predictions
were being run on the computers with the NASA/NSFC Multilaver Diffusion
Model for use as backup information and to provide a more detailed analysis.
The online calculator results were designed to afford Langlev Research Center
real-time graphical results which thev could use to define their exhaust moni-
toring grid. The computer results obtained at Marshall Space Flight Center
were utilized as a check on the online results and are valuable in the postlaunch
analvsis. The online results emploved primarily Model 3 of the NASA/MSFC
Multilaver Diffusion Model; however, the computer results are for both Model
J and 4. DModel 3 is probably the best model to use with a forecasted atmos-
pheric profile since this model treats the surface mixing laver in terms of the
average kinematies. The primary disadvantage of this mudel is that it does
not provide a description of the effluent transport prior to cloud stabilization.
Model 4, on the other hand, can be used to obtain a description which accounts
for the small tail of the exhaust cloud that tends to initiallv remain on the
surface. Thismodel allows the scientist more freedom to model the detailed
atmospheric conditions that are reflected in a rawinsonde sounding. Unfortu-
nately, the storage requirements for plotting the isopleths using Model 4 are so
great that these calculations must be done on a computer. Since the results
from Model 3 and Model -} are about the same after *he peak concentration in
Model 3, we feel that Model 3 is more than adequate for online calculations;
however, more comparison with empirical results is required to justify this
conclusion.

The launch diffusion predictions for Model 3 are based on the atmospheric
profile shown in Figure 1 and the cloud ascent historv sho: ain Figure 3. The
lavering parameters used for the launch diffusion predictions in Model 4 are
given in Tables 3 and 4. The predictions for the centerline concentration and
dosage of hvdrogen chloride (HC1) using Model 3 are presented in Figure 6,
and those using Model 4 are presented in Figure 7. The distances for the
Model 3 calculations are measured from the point of the exhaust cloud stabili-
zation, which was 1792.6 m from the launch complex (Complex 40) at a direc-
tion of 40.06 deg. The Model 4 distances are measured — as will be explained
— from the launch complex. The maximum concentration of HCI for Model 3
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TABLE 3. METEOROLOGICAL MODEL INPUTS FOR THE SIX LAYERS

Layer
Parameter Units 1 2 3 4 5 6
ER m sec™! 3.6
RBK m sec™! 5.0 12.3 12.8 14.4 14.4 !9
GTK m sec™! 12.3 12.8 14.4 14.4 13.9 13.9
- °K 210.0 217.0 220. 0 229,0 240, 0 244.0
01k °K 217.0 220, 0 220,40 240.0 244.0 243.0
o AR{T K} deg 7,00
o ABK{ TK deg 7.00 3.02 2.64 2.28 2.03 1.90
f)

o ATK{ roK} deg 3.02 2.64 2.28 2.03 1. 90 1.81
oK sec 600 600 600 600 600 600
@y 1.0 1,0 1.0 1.0 1.0 1.0

TABLE 4, SOURCE INPUTS FOR STABILIZED CLOUD
Layer
Parameter Units 1 2 3 4 5 6
R m 2
ZBK m > 170 300 550 900 1200
K m 170 300 550 900 1200 1450
K sec 168 168 168 168 168 168
am{ K} m 25.3 69.9 126.5 101.9 93.0 93.0
LAY m 25.3 69.9 126.5 101.9 93.0 93.0
X0
Qu ppmm™' | 5,056 % 10° | 3.467<10° | 1.467x 10" | 1.560% 107 | 5.115x 165 | 4.293~v 108
21
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occurs at approximately the same range as the relative maximum concentration
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Figure 6. Model 3 launch prediction for the centerline

concentrations and dosages (T-0).

(the first derivative is zero and the second derivative is negative) for Model 4
in accordance with the above definitions for the model origins. The relative
maximum concentration (Model 4) is 30 percent less than the maximum con-
centration (Model 3) which is reasonable since the diffusion in Model 4 is
initiated at the launch complex rather than at cloud stabilization as is done in
Model 3. Before addressing the near field differences between these models,
the isopleths (contours of constant concentration) for HCl must be examined.

The HCI isopleths based on the atmospheric condition at launch time

(1857 EST) are presented for Model 3 in Figure 8 and for Model 4 in Figure 9.
(The 1-ppm HCI isopleth is selected because this is the detection threshold for
HCl measurement instrumentation such as a bubbler.) To compare these
mappings, we will define the near field as the region between the launch complex
and the point of maximum concentration in Model 3. The region bevond this
point will be referred to as the far field.
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Figure 7. Model 4 launch predictions for the centerline

concentrations and dosages (T-0).

In the far field the dimensions of the Model 3 and Model 4 1-ppm HC1

isopleths are approximately the same., In the near field, there is considerable
difference between the two models in accordance with the model delinitions.
Model 3 has assumed that all of the exhaust effluents rise to cloud stabilization,
This assumption affords a very conservative estimate of the near field concen-
tration levels from the exhaust effluents. Since observations of the Titan
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Figure 8. Model 3 launch prediction for the HCI isopleths (T-0).

launches suggest that some of the exhaust effluents are cooled by the water
spray on the launch pad and do not join the main exhaust cloud, the layering

concept in Model 4 is used to reflect this feature of the rocket exhaust diffusion
process. This provides what we feel is only an estimate for the description of

the diffusion process in the near field; however, there is a need for field meas-
urements of these rocket effluents so that the modeling of the diffusion process

can be optimized and confidence limits can be defined.

Other differences between the diffusion predictions afforded by Models
3 and 4 include the direction of cloud transport. Model 3 defines the transport
direction in terms of the wind direction at the cloud centroid, which gives a
transit direction of 38 deg in this case. Model 4, on the other hand, defines
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Figure 9. Model 4 launch predictions for the HCI isopleths (T-0).

the transport direction in terms of the mean wind direction in the surface
mixing layer, which gives a transit direction of 46.5 deg in this case, Thirs is
4,7 percent of the maximum difference (the maximum difference between two
wind directions is 180 deg). Again, this is another example of where there is
a need to develop a statistical inventory of field experience with rocket launches
to resolve the optimum prediction techniques.

The concentration fields of the other Titan exhaust constituents, such
as carbon monoxide (CO), carbon dioxide (CO;), and alumina (Al,0;), are
multiples of hydrogen chloride in these worst case calculations. These
constants are:

(3]
1 )
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Carbon monoxide: 1.73
Carbon dioxide: 0.11
Alumina: 2.22

This means that the 1-ppm HCl isopleth is also the 1. 73-ppm CO isopleth, the
0.11-ppm CO, isopleth, and the 2,22-mg/m® Al,Oq isopleth. This also applies
to dosages.

Langley Research Center had four instrumented sites approximately
1 km downstream of the launch complex. According to the Model 3 diffusion
predictions, the amount of HCl should have been undetectable because these
sites were before the exhaust cloud stabilization at 1.8 km (Table 5). (The
basic assumption in this model is that the effects in this region are so small
that they can be neglected.) The surface estimates for the exhaust cloud
transit times and surface length are given in Table 5 based on the Model 3
predictions. An estimate for the description of the near field is probably
afforded by Model 4 since the surface mixing layer was layered such that the
first layer contained about 1, 2 percent of the exhaust effluents contained in the
surface mixing layer. About 97 percent of the effluents were assumed to be
initially Gaussianly distributed on the surface in a circle with a diameter of
108.8 m. The results of the diffusion predictions for these parameters are
given in Table 6.

The forecast of launch atmospheric conditions made 6 hours prior to
launch (T-6 hours) given in Figure 3 afford Model 3 the centerline concentra-
tions and dosages presented in Figure 10 and the HCl isopleths presented in
Figure 11, These results compare well with the launch predictions. The
predictions of the centerline concentrations and dosages are reasonably close.
The maximum concentration in the forecast is 10 percent less than at launch.
This may be a surprise in view of the differences in the cloud stabilization
heights, The reason for this is that the depth of the surface mixing laver used
for the forecast prediction (T-6 hours) was much greater than the depth used in
the launch prediction (T-0) which results in less wind shear at launch time.
This can be seen in the fatter isopleth in the forecasted prediction.

The range of the maximum concentration differed bv 15 percent between
the Model 3 forecast and the launch prediction., The direction to this point
differed by 5 percent of the maximum possible. The Model 4 direction for the
transport was within 1 percent of the forecasted value using the Model 3
forecast, but only within 8 percent of the value obtained with this forecast using
Model 4. This points up the fact that was made earlier concerning the Model 3
diffusion prediction being less sensitive than a Model 4 diffusion prediction to
the forecasted meteorological condition.
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TABLE 5, MODEL 3 SURFACE EXHAUST CLOUD LENGTH AND

TRANSIT TIME PREDICTIONS

Range from Exhaust Cloud Arrival Passage
Launch Complex Length on Surface Time Time
(m) (m) (sec) (sec)
1793 0 149 149
2293 125 182 191
2793 250 214 233
3293 375 247 274
3793 500 279 316
4293 624 311 358
4793 749 344 399
5293 874 376 441
5793 999 409 483
6293 1124 441 524
7293 1374 506 608
8293 1624 571 691
9293 1873 636 775
10293 2123 701 858
12793 2748 863 1066
15293 3372 1025 1275
17793 3997 1187 1483
20293 4621 1349 1692
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TABLE . PREDICTIONS FOR INSTRUMENT SITES AT
LAUNCH TIME UTILIZING MODEL 4
Station cc EE DD BB
Range (km) 1.44 0. 99 0.76 0,70
Peak Concentration

HC1 (ppm) 2.1 %1074 1.7 0.79 | 3.3x 10710

CO (ppm) 3.7% 1074 3.0 1.4 5.8x 10710

CO, (ppm) 2.4% 107 0. 20 0,09 | 3.8x 107"

Al,04 (mg/m®) 4,7x 1074 3.8 1.8 7.4 % 10710
; Peak Dosage
3 HC! (ppm sec) 3.6x 073 | 25 8.7 2.8x 1072
CO (ppm sec) 6.2% 10~ | 43 15 4.8% 107°
CO, (ppm sec) 4.1x107% | 2.8 1.0 | 3.2x 107"
' Al,04 (mg sec/m?) 8.0% 1073 | 55 19 6.2% 1070

Cloud Arrival Tire (min) 1.8 1.2 0.87 | 0.79

Cloud Passage Time (min) 2.5 1.8 1.4 1.3

Cloud Width (m) 958 708 585 554

Cloud Length (m) 480 390 348 337

Note:

Grourd Cloud Heau.ng: 46.5 deg
Ground Cloud Transport Speed: 11.3 m/sec

T e
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Figure 10, Forecast predictions for the launch centerline
concentrations and dosages (T-6 hours).

An examination of parametric sensitivity affords an uncertainty estimate.

A parameter which is extremely critical to these diffusion predictions is the
surface conditions, Two Model 3 launch predictions were made using the T-0
rawinsond= sounding. In one case the surface conditions at the release point
for the rawinsonde sounding (10 km from the launch complex) were used, and
in the other case (launch profile used) the surface conditions were taken from
Tower 110 about 1 km from the launch complex. The 1 deg lower temperature
at the tower resulted in a 29-m difference in cloud stabilization height, This
resulted in a 0, 6 ppm lower maximum conceniration in the prediction using
tower surface conditions rather than the surface conditions at the rawinsonde
release point, The release point data would have improved the transport
directional difference between the forecast and launch prediction by 2 deg. It
can be argued, therefore, that there is about a 15-percent uncertainty in the
launch prediction based just on the uncer.ainty of meteorological kinematics
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Figure 11. Model 3 forecast predictions for HCI isopleths at
launch (T-6 hours).

and thermodynamics. Since our forecasted predictions are within these limits,
we feel that they are very good; however, when these predictions are compared
with measurements, we do not feel in this special case that they are too good
with respect to the cloud stabilization height.

According to the analysis of the Titan exhaust cloud measurements
obtained with the Askania tracking units by Dr, R, B, Stewart, Langley
Research Center, the ground cloud stabilized at an altitude of about 1500 m
(Fig. 12)., This is almost a factor of three higher than the predicted stabiliza-
tion height. This is a strange result in view of the good tradition of Briggs
equations in the prediction of other Titan cloud stabilization heights [9]. How-
ever, the exhaust cloud's transit path was unique from the other case in that it
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TEMPORAL HISTORY OF THE EXHAUST CLOUD ASCENT
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Figure 12, Analysis of the temporal ascent of the Titan IIIC
exhaust cloud.

involved a land-sea interface where a large temperature gradient existed
because of the right time conditions. A closer examination of the problem
showed that the wrong boundary conditions at the surface were probably used
specifically, the ocean temperature should have been used as the surface
temperature.

To suppress the sensitivity to small uncertainties in the surface tem-
perature in the Briggs equations and to more fully reflect the thermodynamic
profile of the atmosphere, the NASA/MSFC Integrated Clor<d Rise algorithms
were developed. These algorithms differ from the Briggs equations in that
they utilize linear regression analysis to obtain the potential temperature
gradient and the surface temperature rather than the two-point value used by
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Briggs. Using the NASA/MSFC Integrated Cloud Rise algorithms, the measured
exhaust cloud stabilization height corresponds to a surface temperature of 20°C
to 22°C, which is roughly the ocean temperature.

The net impact of the underestimation of the cloud stabilization height
is to overestimate the strength of the concentration and dosages. From the
standpoint of hazards analysis, this kind of estimate is not adverse; however,
more precision is desired. Our preliminary conclusions are that the ocean
temperature dominates the cloud rise when the cloud' s transit path is out to
sea. However, more empirical data are required before a definite statement
can be made.
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SECTION V. CONCLUSION

4. Briscoe Stephens

The Aerospace Environment Division, Marshall Space Flight Center,
made rocket exhaust effluent diffusion predictions for the launch of the Titan
IIIC from the Eastern Test Range at Cape Canaveral Air Force Station on
December 13, 1973, at 1857 EST. These diffusion predictions were designed
to afford Langley Research Center a forecast for the dispersive transport of
the Titan exhaust effluents for the deployment of their monitoring instrumenta-
tion as well as an opportunity to develop confidence limits for the NASA/MSFC
Multilayer Diffusion Predictions. The forecasted diffusion predictions for the
instrument deployment 6 hours prior to the launch were extremely close to the
actual launch diffusion predictions in view of the intricate meteorological fore-
cast requirements for these predictions.

Real-time diffusion predictions were made based on a forecast for the
atmospheric launch conditions starting about 23 hours before the launch. These
early predictions were made to identify the general area of the effluent trans-
port as a guide to the preliminary planning for instrument deployment. The
diffusion forecast 6 hours prior to launch was the one that Langlev Research
Center utilized for the actual deployment of their instrumentation and is, thus,
the forecast of primary importance to the measurements program. For this
reason we limited the diffusion results which were presented here to the T-6
hour forecast and the T~0 “aunch predictions.

The maximum concentration of hydrogen chloride was predicted —
utilizing the launch rawinsonde sounding — to be 2.0 ppm according to the
spherical diffusion model (Model 3). This is a factor of two less than the
10-min public limit; therefore, we can conclude that there was not an adverse
ecological consequence from this Titan launch. Our 6-hour forecast predicted
a maximum conceatration of hydrogen chloride of 1.8 ppm, and this forecast
predicted slightly fatter isopleths.

The greatest difference between the forecast~d diffusion parameters and
the launch diffusion parameters was in the range from the launch complex to
the point of maximum concentration — there was a 15-percent difference due
largely to our failure to forecast the surface temperature inversion. The
difference between the forecast and launch transit directions was 5 percent of
the maximum possible difference, which is more than a factor of two better
than the 11-percent uncertainty we feel is normally associated with this
forecast.
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A comparison of diffusion results using different surface conditions
that were measured in the area at launch time suggests that the uncertainty in
these parameters would introduce a little less than a 15-percent uncertainty
into our diffusion results. Since our forecasted values compared with the
launch values by less than the uncertainty in the meteorology conditions, we
can only conclude that the forecast was extremely good. To obtain a less con-
servative exhaust cloud stabilization height, we found that it is probably neces-
sary to use the ocean temperature rather than the land temperature for the
surface temperature in the cloud rise calculations whea the exhaust cloud is
transported out to sea.
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APPENDIX A
EXHAUST EFFLUENT CLOUD RISE ALGORITHM FOR THE TITAN

J. Briscoe Stephens

The exhaust effluent cloud' s temporal ascent history to the point of the
stabilization height is dependent on the atmospheric thermodynamic profile and
the effective heat released by the rocket motor. The thermodynamic charac-
teristics of the atmosphere are reflected by the potential temperature (&).
The potential temperature is effectively a normalization of the dry bulb tem-
perature (T) with pressure (p:mb) such that

5 = T (ﬂm) R _ooss | (A-1)
z Z P c
A P

which is to say that this is the temperature that a mass of dry air would attain
if it were brought from its initial state at an altitude equal to a pressure of
1000 mb by an isentropic state change (i.e., adiabatically). In terms of an
energy balance, the vertical entropy gradient (8 s/8z) can be expressed as

(]
9s _ p 2%
9z & 2 (A2)

where cp (0.24 cal/g °K) is the specific heat of air. Thus the potential tem-
perature gradient is a measure of the change in energy of the atmosphere, If

2% =< 0 (A-3)

the atmosphere is unstable; that is, superadiabatic (when equal to zero, it is
adiabatic). The exhaust cloud will continue to rise in the unstable atmosphere
until a stable atmospheric condition is reached where

8

—— . A-

dz >0 (A-4)
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The temporal ascent of the exhaust cloud from a Titan is described by an
instantaneous exhaust effluent cloud rise algorithm (spherical entrainmeni) due
to the short residence time of this vehicle on the pad.

The general form for the temporal exhaust cloud effluent ascent history
in an unstable atmosphere is given by [ 8]}

r_\4 L r

oFt? ( R) R
z = — 4+ — - — A-5
i Y vy (4-5)

where the buoyancy parameter (F) is

F = (—3&—) (A-6)

4vrpscp’1‘s
and the stability parameter (s) is

s = B 42
TS Az :
z-surface

(A-7)

The symbols denoting the surface temperature and density of the ambient air
are TS and P The symbol used for the mean air speed in the surface mixing

layer is u, the heat release of the Titan is Q, the entrainment coefficient is
v (0.64) , the time after ignition is t, and the gravitational acceleration is

g (9.8 m/ser’ rp, is the initial cloud radius, which is taken as zero for the

Titan {4]. Thus, the temporal cloud rise history for the Titan under adiabatic
or superadiabatic conditions is given by

ore2 ]
z = [—y's—-z'] . (A-8)

u

The general form for the temporal ascent of the exhaust effluent cloud in a
stable atmosphere is [ 8] '
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where Fm is the initial momentum parameter. The maximum cloud rise
1

occurs when t= m/s /2, which allows us to express the height of cloud stabili-~
zation (H) as

Y,

4

r r

H={3E, <—R) N (A-10)
'S Y Y

Utilizing the constraints for the Titan where Fm is negligible when compared
with F and r, is approximately zero, the temporal ascent history of the

exhaust cloud is [ from equation (A-9)]

1
! /4
——331; [1-cos (s /2 t)] . (A-11)

~N
d

It should be noted that for an unstable lapse rate s is negative, which results
in an imaginary argument for the cosine and an imaginary time of cloud stabili-
zation (ts) .

t, = "7, - (A-12)

S

This is why these algorithms afford a suitable description only for the stable
lapse rate.

The height of the exhaust cloud stabilization for the Titan is [ from
equation (A-10)]

= |EE g (A-13)
- |5 ,
37
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where F and s are functions of the stabilization height. Based on information
supplied by A. E, Weller of Battelle Columbus Laboratories and H. E. Cramer
Company [4], the effective heat release (Q: cal) is

Q = 1.609907 x 10% HO 4% (A-14)

for the Titan. Thus, the exhaust effluent cloud rise algorithms do not have a

closed form. This transcendental equation requires an iterative solution that
is performed by selecting an altitude and calculating the potential temperature
gradient and the heat release. These values are in terms substituted intc the

cloud rise algorithm to determine if the selected altitude is a solution,
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APPENDIX B

THE DESCRIPTION OF THE NASA/MSFC MULTILAYER
DIFFUSTON MODEL AND THE NASA/MSFC
SURFACE-LAYER DIFFUSION PROGRAM

J. Briscoe Stephens

The functions of the six different models which constitute the NASA/

MSFC Multilayer Diffusion Model [ 2] are summ:rized here. Since the descrip-~ -

tion of the dispersion for a volume source is of primary concern in the diffvsion
predictions of the Titan III exhaust effluents, the algorithms associated with
this Model 3 description are given. Finally, the algorithms employed in the
diffusion description for the NASA/MSFC Surface-Layer Diffusion Program are
discussed [11].

A. The Description of the Models in the NASA/IMSFC
Multilayer Diffusion Model

The normal launch environment, which has an impact on the transport
of exhaust effluents, will usually involve an atmospheric structure comprised
of several horizontal meteorological layers with distinctive wind velocity and
temperature regimes between the surface and a 2-km altitude. Large horizontal
spatial variation in these meteorological parameters may also occur in the
surface layer as a consequence of changes in terrain or land-water interfaces,
which also must be accounted for by the diffusion model. The general diffusion
model does not account for these variations, since it assumes a uniform expand-
ing volume about a moving point of reference in a homogeneous environment.

To overcome the obvious shortcomings of the general diffusion model
but to stay within the established bounds of classical fluid mechanics 3], a
multiple layer concept is introduced to cope with the vertical and horizontal
atmospheric thermodynamic and kinematic gradients. Here, the general
diffusion model is applied to individual horizontal layers in which the meteoro-
logical structure is reasonably homogeneous and independent of the neighboring
layers. These layers have boundaries which are placed points of major dis-
continuities in the vertical profiles of wind velocity and temperature. Since
the Multilayer Diffusion Model has imposed the general restriction of layer
independence (no flux of particles or gases entering or leaving an individual
layer), special provision must be made for spatial changes in the horizontal
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nieteorology if known and for gravitational settling or precipitation scavenging.
In addition, the type of source within a layer must be considered; that is,
whether there is a ground cloud source or a plume cloud source (see Symbols
and Definitions).

The NASA/MSFC Multilayer Diffusion Model has six models (Fig. B-1)
which account for three categories of dispersive constraints: the source dis-
tribution, the environmental effects, and the depositional effects. This flexi-
bility is required to deal with the stages of the development of the exhaust
cloud and the complex, potentially varying meteorological conditions. These
models can be used alone to describe all the environmental layers or in super-
imposed combinations where variations in layer meteorology require different
modeling. For the introductory overview, however, these combinations will
not be considered. The primary objective of the output of all these models is a
spatial delinec.tion of the concentrations and dosages of the individual exhaust
constituents. The one-dimensional delineation gives the centerline profile of
the level of concentrations and dosages along the exhaust cloud's transit path,
whereas the two~dimensional delineation gives the mapping of the concentrations
and dosage isopleths (contours of constant levels).

The fundamental category of dispersive constraints is the source dis-
tribution. The two distributions are:

1. The elliptic-cylindrical source which assumes a two-dimensional
Gaussian distribution in the x-y plane and a uniform distribution in the vertical
direction.

2. The ellipsoidal source which assumes a three-dimensional Gaussian
distribution.

Model 1 is for the elliptic-cylindrical source whose vertical expansion
is constrained by the layer boundaries — and thus has only a two-dimensional
expansion in the horizontal plane due to turbulence mixing. This model is
normally used to describe the rocket's inflight plume cloud.

Model 3 is for the ellipsoidal source and is assumed to expand in all
three dimensions as the effluents are propagated downstream, When the
ellipsoidal source reaches the top of the mixing layer, the distribution of the
coustituents is reflected back into the expanding vertical distribution, On the
other hand, that fraction not lost in surface deposition is also reflected back in
a similar manner. After sufficient mixing, the ellipsoidal distribution becomes
an elliptic-cylindrical disiribution (Model 1). While Model 3 is normally used
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to describe the dispersion of the rocket's ground cloud, it could be used to
model upper air explosions. The formulation for Model 3 has been provided
in Appendix B and will be employed in this analysis of the transport of the
Titan III exhaust effluents.

The second category is environmental effects. The two effects are:

1. No turbulence mixing in the upper atmosphere.

2. Changes in 11eteorological conditions as a function of altitude and as
the constituents are transported downstream.

Model 2 is the same as Model 1 except it is assumed that there is no
turbulent mixin~, This implies that the exhaust material just meanders along
the layer without dispersing., While Model 2 is not generally used, movies of
rocket firings clearly show that under some special meteorological conditions
this model is required. While the Multilayer Diffusion Model is general in
applicability, it is specific in meteorological parameters and launch description.

Model 4 is primarily utilized to ensure the proper distribution of the
material in the exhaust cloud and an initial division of the atmosphere into
thermodynamically and kinematically homogeneous lzyers. If the information
concerning the atmospheric variations along the exhaust cloud' s transit path
are known (in general, there is only a single rawinsoixle sounding available
for the region of interest), these variations can be introduced into the diffusion
description afforded by this model. This model assumes that the vertical con-
centration of material is uniform throughout each laver, dispersing only in the
horizontal plane until layer breakdown /usually occurs about 1 sec after stabili-
zation). When layer breakdown occurs, the boundaries are removed and each
layer is treated as a separate volume source (Model 3) which is superimposed
on the other sources to give the resulting concentration and dosage fields in
accordance with the new layers.

The third category of dispersive constraints includes the deposition
due to:

1, Precipitation scavenging,
2. Gravitational settling.
Model 5 accounts for precipitation scavenging. An example of where

Model 5 must be used is in solid rocket launches during the occurrence of
rain because the HCI will be scavenged by the rain., Model 6 describes the

-
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ground deposition due to gravitational settling of particles or droplets. Wind
shears are incorporated in this model to account for the effect of the settling
velocity of the particulate matter. There are two forms for the source in this
model:

1. The source that extends vertically through the entire layer with a
uniform distribtuion — this is the same source model as used with Models 1
and 2,

2. A volume source in the Kth layer — this is the same source model
as used with Model 3 or Model 4 depending on the modeling technique desired.

Our interest in this discussion of the Titan III launch will be restrizted
to Models 3 and 4 of the NASA/MSFC Multilayer Diffusion Model. Model 3
tends to be more than adequate when a meteorological forecast is being
utilized as an input for modeling the atmospheric diffusion, since there is a
certain amount of uncertainty associated with the forecasted atmospheric
parameters which tends to be averaged out over the s"rfrce mixing layer.
Model 4, on the other hand, only averages over a layer (initially, there are
about six layers normally in the surface mixing layer) and, therefore, Model
4 is more sensitive to the kinematic profile of the atmosphere. In general then,
Model 4 is more suited to diffusion predictions where a rawinsonde sounding is
available,

B. Concentration-Dosage Formulation for
NASA/MSFC Multilayer Diffusion Model [2]

The fundamental relation for the concentration-dosage calculation is
presented for the ellipsoidal source used in Model 3, These relations are
appropriate to the elliptic-cylindrical distribution of Model 1 if the vertical
dispersive interaction is neglected. This part of the appendix is complex and
is, therefore, only recommended when a detailed scientific knowledge is
required.

The dosage equation for Model 3 in the Kth layer is given by the
expression [ 2]
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where QK corresponds to the source strength or total mass of material in the

layer and H‘K is the height of the centroid of the stabilized cloud.

The standard deviation of the vertical dosage distribution (¢ __.) is
zK
defined by the expression

Pk

XK * sz ” xrzK(1 " 'BK)

—4 ' -
2K = TEK *rzK 3 ’ (B-2)

o X
K "rzK

where o 'EK describes the mean standard deviation of the wind elevation angle,

x”K gives the vertical virtual distance, BK accounts for vertical diffusion, and

X 7K is the distance over which rectilinear vertical expansion nccurs downwind

from an ideal point source in the Xth layer.
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In the surface layer (K= 1), the standard deviation of the wind eleva-
tion angle (o ER) at the height Zp is described by

_ a4l a1
o lK=1) = GER[(ZTK{K— i -(ZR)J (&) - (3
= (0% DzgdK= 1} —2g)(z)d &

where the power-law exponent (q) for the vertical profile of the standard
deviation of the wind elevation angle in the surface layer is

crETK{K= 1} zTK{K= 1}

q = log{ ———— 10g _— 5 (B-4)
ER 2R

here GETK{K = 1} is the standard deviation of the wind elevatio angle at the

top of the surface layer. Above the surface layer (K > 1), the standard devia-
tion of the wind elevation angle is

' S 1) = T -
o K> = (0 g oppy) (360) ’ (B-5)

where ¢ EBK 2T® the standard deviations of the wind elevation angle at the top

and at the base of the layer.

The vertical virtual distance XzK is given by the expression

O'ZO{K}
- . < !
O"EK *RzK ’ gzp{ K} TEK “rzx
1]
1/8
GZO{K} K
e —————————— - - . ]
P *rak \o ™ x X3k * Xeax (17 Py ) 5 ozo{K} = O gk XrzK
EK rzK
(B-6)
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where Uzo{ K} is the standard deviation of the vertical dosage distribution at
XRzK * the distance from the source where the measurement is made in the
Kth layer.

The remaining terms are common also to Model 1; that is, what has
just been discussed is to account for the vertical expansion of the source cloud.

The quantity BK in equation (B-1) is the mean cloud transport speed

in the Kth layer. In the surface layer (K= 1), the wind speed-height profile
is defined according to the power-law expression

_ p
zK{ K= 1}
R Zp ?

(B-7)

where u_ is the mean wind speed measured at the reference height z_, and

R R ’
the power-law exponent (p) for the wind speed profile in the surface layer is
described by

u_{K=1) z, {K=1) :
p= log(_—_TKﬁ ) log ('_"TKZ — ) ; (B-8)
R R

here GTK{K = 1} corresponds to the mean wind speed at the top of the surface
layer ( ZTK{ K= 1}). Thus, in the surface layer, the mean cloud transport

speed (u{K=1}) is

u

21K
wlK=1 = . e / (2 {k=1Pdz ,  (B-9)
ZR
R

(zTK{K= 1} - zp
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which reduces to

ke GR[(zTK{K= P~ () P 510
K=1} = 4 . B-10
X (2 (K= 1 - 2)(2p)° (14 p)

In layers above the surface layer (K > 1), the wind speed-height profile
(u{ 2y K> 1}) is assumed linear and defined as

uw{z_,K~1} = u +(———- (z, ~2..) (B-11)
K BK ZTK—ZBK K BK

where GTK and GBK describe the mean wind speed at the top of the layer and

at the base of the layer, respectively. In the Kth layer (K> 1), the mean
cloud transport speed (uK{ K> 1}) is

uK{K >1} = (uTK + uBK)/2 . (B-12)
The standard deviation of the crosswind dosage distribution (o _ ) is
. yvK
defined by
2
a
X, +X _ -X (1 -a) K
o = o ] {T } X K yK UK K
yK AK" K "ryK Qe xryK
- 1/2
Ag! 2
K ’ﬁ{]
* l 4.3 ’ (B-13)
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where OIAK 'rK} corresponds to the mean layer standard deviation of the wind

azimuth for the cloud stabiliza‘ion time (TK). In the surface layer (K=1),

PN, VY [px= )™ - )™ 7]
AR™ K (m+ 1‘)(ZTK{K= 1} —zR)(zR)m

(B-14)

where the standard deviation of the wind azimuth angle ( UIAR TK}) at height

zR and for the cloud stabilization tize TK is

1/ -
oyl = o, {1} K E (L) ; (B-15)
AR' K AR' oK T K 180 ’

here o is the standard deviation of the wind azimuth angle at height

AR ToK}
2, and for the reference time period ( ToK
for the vertical profile of the standard deviation of the wind azimuth angle in

the surface layer is

bl T K= 1} z_ {K=1}
m = log (GAT{:, KTX ) log (.._T.Ii.z___> . (B-16)

), and the power-law exponent (m)

R

Then,
TK 1/5 T
? = = = e ——— -
T K= 1 = 0yl K= 1) (-roK) (180 ’ (B-17)
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where o ATK{ ToK’ K= 1} is the standard deviation of the wind azimuth angle

at the top of the surface layer for the reference time period. For layers above
the surface (K> 1),

' I = t ' -
oK K > 1} (UATK TK} + oY BK TK})/2 . (B-18)
where
1/,
T /5
K T
' = —_— —_— s -
Ohr K = TATK Tox) (roK) (180) ; (B-19)

here o ATK TK} is the standard deviation of the wind azimuth angle at the top
of the layer.

. %\ a : (B-20)
SABKK = 7 ABK ToK' (?O_K-) (Eb')

here o ABK TOK} is the standard deviation of the wind azimuth angle in degrees

at the base of the layer for the reference time period ( TOK) .

The crosswind virtual distance is

o 0{ K}

xyK - G:AK{TK} -nyK (B-21)

when

I < ot
0 o B = ol drd x

yo ryK  °
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or

o oK
X = a, X - -x +x _(1-0a) (B-22)
yK K rykK\ o AK{ TK} xryK RyK ryK K

when
= ] .
Gyo{ K}=o AK{ TK} XK

here Uyo{ K} is the standard deviation of the lateral source dimension in the

layer at downwind distance x s X is the distance over which rectilinear
RyK™ ryK

crossw'nd expansion occurs downwind from an ideal point source, and OK

describes the lateral diffusion in the layer. The vertical wind direction shear
(AG;() is the layer is

t = - - -
A6} (9TK GBK) (180) ’ (B-23)
where 6 and GBK are the mean "viud direction at the top and at the base of

the layer, respectively.

The concentration algorithm is of the same form for the first three
models; however, the dosage term ( DK) does depend on which riodel has
been utilized and thus adjusts the concentration description to the specific model
of interest.

The maximum concentration for the first three models in the K‘h layer
is given by the expression

o :
K "K
X Ko Voo 2t = , (B-24)
2r o ..
xK
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where the standard deviation of the along-wind concentration distribution
(O'XK) in the layer is

L{x }\ 2 2
'K ) +0? {K} , (B-25)

and the along-wind cloud length (L{xK 1) for a point source in the layer at the
distance )&( from the source is

(B-26)

1
[

AGK{K= 1} mlK =1 - GR (B-27)

or

AEK{K> 1= u,.,-u (B-28)

and oxo{K} is the standard deviation of the along-wind source dimension in
the layer at the point of cloud stabilization. The above equation for D{xK} is

based on the theoretical and empirical results reported by Tyldesley and
Wallington [ 10] who analyzed ground-level concentration measurements made at
distances of 5 to 120 km downwind from instantaneous line-source releases.

The maximum centerline concentration for the model in the Kth layer
is given by the expression
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Xol KoV = 07} = xp /{LATERAL TERM} . (B-29)

The average along-wind concentration is defined as

- ; -
XK = DK/ tpK ’ (B 30)

where the ground cloud passage time in seconds is
tg® 43 oxK/uK . (B-31)

The time mean along-wind concer «ration in the Kth layer is defined by the
expression

D w T '
xK{xK.yK,zK;TA = :i:IS erf X A , (B-32)
A 2N 2 ¢ K

where T A is the time in seconds over which concentration is to be averaged.

The time mean along-wind concentration is equivalent to the average along~

wind concentration when tpK equals T Al This complex set of relations, then,

contains the computations performed in Model 3 to obtain the concen.ration-
dosage mappings.

C. Titan 111 Version of NASAIMSFC Diffusion Model [ 1]

By specialization of the NASA/MSFC Multilayer Diffusion Model for
Titan TII exhaust effluents, the prediction for the ground level concentration
isopleths are obtained from a small programmable desk calculator (HP 9820)
in real time. The modeling approach employed is as follows.
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The meteorological profile is utilized in layering the atmosphere in
accordance with homogeneous kinematic and thermodynamic properties — hence
the name '"Multilayer Diffusion Model." The specialization of the general
NASA/MSFC Multilayer Diffusion Model has limited the layers of consideration
to just the surface mixing layer. In addition, we assume that the source has
an elliptical shape with ellipsoidal expansion (Model 3 of the NASA/MSFC
Multilayer Diffusion Model).

Thus, the dosage algorithm is

_ vl ~(H -2 2
D{x,y,zB <z< zT} ——-Q"—-m x3 = | exp ?0‘1-5 exp >

-
-(H - 22+ z)?
+ exp % 3
i z
- 3 - - - 2
® (21(zT zB) (H 22B+ z))
+ Z exp Y
=1 4
- (2i(zT -zg)+ (H- z)l2
rexp 20 °

Z

-
-(2i(z,.~2z_) - (H-2))?
+ exp ( T B )

20 °
z

[ 2i(z,, -~z )+ (H- 22 +.z) 2
( L5 7 B ) , (B-33)

+ ex
p 20
L z
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where Q corresponds to the source strength or total mass of material in the
surface mixing layer, H {s the height of the centroid of the stabilized cloud,
and the subscripts T and B stand for the top and bottom.

By restricting the dosage mapping to the surface and defining the bottom
of the layer as the surface, equation (B-33) simplifies to

2
- -H
D{x,y,0} = ——Q'——_ exp E;L" 2 exp [;—5]
y

2ro o 1
y 2 z

-(2iz,. +H)? -(2iz_ +H)?
» ]2exp Sl S ek i ,
. l o q
=1 Z z

(B-34)

where Z0 is the altitude of the top of the surface mixing layer and n is such

that the first exponential in the summation is no greater than 225, This is the
specialized dosage algorithm that we use.

The standard deviations of the vertical distribution (oz) and the
crosswind distribution (cry) are defined as follows:

1. The standard deviation of the vertical dosage distribution is defined
by the expression

I B
x+x ~-x_ (1-0p)
o = o' x z 12 , (B-35)

VA E rz X
Brz

where O"E describes the mean standard deviation of the wind elevation angle,
X, gives the vertical virtual distance, 8 accounts for veitical diffusion, and
Xy is the distance over which rectilinear vertical expansion occurs downwind

from an ideal point source.
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In this specialization, we assume that the vertical diffusion coefficient
isone (8= 1) which permits us to rewrite equation (B-35) as

4 ! -
o, o'E(x +xz) . (B-36)

In the surface layer, the standard deviation of the wind elevation angle
(o ER) at the height z {s described by

: " (B-37)

7ER [(ZT')QI+1 3 (ZR)q+1]
ot =

E (17;0)
(a+1) (2 - 2) (2p)*

where the power-law exponent (q) for the vertical profile of the standard
deviation of the wind elevation angle in the surface layer is

g Z
q = log <——-—ET ) log (Z—T) , (B-38)
ER R

where TET is the standard deviation of the wind elevation angle at the top of
the surface layer.

The vertical virtual distance x is given by the expression

z o! Rz ! (B-39)

where T is the standard deviation of the vertical dosage distribution at

sz , the distance from the source where the measurement is made in the sur-
face mixing layer.
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2, The standard deviation of the crosswind dosage distribution is defined
by

-xm(l - a)) «
y

o X

x+xv
= '
o O'A{‘r}x

1/.
Ag' x \? 2
! * (4.3 ) ’ (B'40)

where o-k{ 7} corresponds to the mean layer standard deviation cf the wind

azimuth for the cloud stabilization time (7). The differance in wind direction

(A9': radians) is taken between the surface and the top of the surface mixing
layer in accordance with

a0" = (9.,-6,) (T’;—O) , (B-41)

where 9T and OB are the mean wind direction at the top and at the base of

the layer, respectively. This is the wind shear, If we again assume that the
diffusion coefficient ic one (& =1), then equation (B-39) becomes

1/,
oy = '{[ok{f} (x + xy)] 24 (A‘f.'sx)z } 2 . (B-42)

From the relation we can observe how important a factor the wind shear is in

determining the crosswind distribution of the effluent, In the surface layer

oL T [(ZT)W1 - (zR)mil

(m+ 1) (2 - 2) (2 )™

":4{ .,K} = , (B-43)
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where the standard deviation of the wind azimuth angle ( U:AR{T}) at height x
Zn and for the cloud stabilization time 7 is :

T 1/5 T
] - — e -
TurlTr = 7 aglTe) ( ro) (180) ' (B-44)
& where ¢ AR 'ro} is the standard deviation of the wind azimuth angle at height

Zp and for the reference time period ( To) , and the powe. -law exponent (m)

for the vertical profile of the standard deviation of the wind azimuth angle in
the surface layer is

: ot {7} z A:‘
; m = log (;ﬁ;}‘) log (;T-> . (B-45)

Then

(%6) , (B-46)

where o AT{TO} is the standard deviation of the wind azimuth angle at the top

of the surface layer for the reference time period.

The crosswind virtual distance is

O
X =

y o't} " *Ry

’ (B-47)

where Uyo s the standard deviation of the lateral source dimension at down-
wind distance xRY , and xry is the distance over which rectilinear crosswind
expansion occurs downwind from an ideal point source.
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3. The mean speed of cloud transport (l-l) {n the surface layer is
defined in accordance with the power law

- - z \ P
u{z} = up (-—) , (B-48)
z
R
where ﬁR is the mean wind speed measured at the reference height Zps and

the power-law exponent (p) for the wind speed profile in thie surface layer is
described by

p = log<'—:) log <;§> , (B-49)

where GT corresponds to the mean wind speed wt the top of the surface layer

(:T). Thus, in the surface layer, the mean cloud transport speed (u) is

u T
U= ® [ 2Pa (R-50)

which reduces to

iy (2P - (2P
R [T R ] (B-51)

u = < .

(z,I: - zp)(zp) Pa+p)
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The concentration (X) follows directly from the results for the dosage
(D) algorithm given by equation (B-33)., The average concentration then is
just

X{xoYsz} = D{x,y,z} ( u ) ’ (B"52)

4.30
X

where the standard deviation of the along-wind concentration distribution (ox)
in the layer is

X 4.3

2 g
]

and the along-wind cloud length (L{x}) for a point source in the layer at the
distance x from the source is

0.28!_Au“x[ AL = 0

u

1{x}
. (B-54)

Here Au is the vertical wind speed shear in the layer and is defined as

Au = - ER , (B-55)

and %o is the standard deviation of the along-wind source dimension in the

layer at the point of cloud stahilization. The above equation for I{x} is based
on the theoretical and empirical results reported by Tyldesley and Wallington

[ 10] who analyzed ground-level concentration measurements made at distances
of 5 to 120 km downwind from instantaneous line-source releases.
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In summary, it should be pointed out that the standard deviation of the
vertical, crosswind, and along-wind terms represents the cloud dimensions
(Li); that is

Li = 4,3 o, (B-56)

The factor 4. 3 represents the 97-percent confidence level of a normal
distribution. Hence, the initial source dimension is translated into the standard
deviation initially for modeling. The standard deviations O 020, give
the cloud size during the diffusion process. y
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APPENDIX C

INPUT PARAMETERS FOR THE NASA/MSFC
MULTILAYER DIFFUSION MODEL

J. Briscoe Stephens

There are two groups of input parameters for the model The source
input parameters which are vehicle and metecrologically dependent (Table C-1)
and the meteorological input parameters which are strictly dependent on meteo-
rological conditions at launch time (Table C-2). These parameters include
the special set employed in the layer breakdown model (Model 4).

The source relationships given in Table C-1 are determined in reference
to the stabilized ground cloud. The standard deviation of the crosswind source
is

g

{K} = K} , (C-1)

yo 4.3

and the standard deviation of the along-wind source is

o {K}=§l{l

X0 4.3 ’ (c-2)

The source strength in the Kth layer is

Y{K} X{K} Op

QK T =Y{K KK} Zok - 2BK i (c-3)

where Y{K} and X{K} describe the crosswind and along-wind dimensions of
the cloud in the Kth layer and QT is the total source strength in the ground
cloud in units of mass.
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TABLE C-1, SOURCE INPUTS FOR THE
MULTILAYER MODEL CALCULATIONS

Parameter
Layer
Model 1, Layer Break-
2, 3 down Model 4 Definition
ZR 2R Reference height in the surface layer
ZBK ZpL, Height of the layer base
2K Height of the layer top
T L Source (cloud) stabilization time
X X Distance over which rectilinear lateral
rvK ryL . .
- expansion occurs downwind from an
ideal point source
c {K} Standard deviation of the crosswind
yo source dimension in the Kth layer
Uxo{ K} Standard deviation of the along-wind
source dimension in the Kth layer
t* Time of layer breakdown
QK Source strength in the layer
J Scaling coefficient

Equations (C-1) and (C-2) are based on the assumption that the along-
wind and crosswind dictribution of material in each layer is Gaussian and that
the visible edge of the cloud represents the point at which the concentration is
one-tenth the concentration at the cloud center in the Kth layer. Equation
(C-3) assumes that the cloud is spheroidal in the plane of the horizon and that
the total source strength in the Kth layer is given by the relative cloud volume
in the Kth layer, Because the models require the source stretfgth per unit
height, the total source strength in the Kth layer must be divided by the depth
of the laver,
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TABLE C-~2. LIST OF METEOROLOGICAL MODEL INPUTS
Parameter
Layar
Model 1, Layer Break-
2, 3 down Model 4 Definition
G'R GRL Mean wind speed at reference height Zn
Upy UnL Mean wind speed at the base of the layer
U Unr, Mean wind speed at the top of the layer
BBK OBL Mean wind direction at the base of the
layer
0 TK eTL Mean wind direction at the top of the
layer
O AR ToK} o ARL{ToL} Standard dt?vxatlon of the wind azimuth
angle at height Zn
o ABK{ToK} o ABL{ToL} Standard deviation of the wind azimuth
angle at the base of the layer
o, {r 1 T {r .} Standard deviation of the wind azimuth
ATK" oK ATL" oL angle at the top of the layer
TOK ToL Reference time period
ay ap Lateral diffusion coefficient
K =1} L =1} Power-law exponent of the wind speed
profile in the surface layer
c Standard deviation of the wind elevation
ERL .
angle at height N
O EBL Standard deviation of the wind elevation

angle at the base of the Lth layer
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TABLE C-2. (Concluded)

Parameter
Layer
i Model 1, Layer Break-
§ 2, 3 down Model 4 Definition
. T ETL Standard deviation of the wind elevation enirng
v angle at the top of the Lth layer
By Vertical diffusion coefficient
The first nine meteorologi. parameters follow directly from the
thermodynamic and kinematic profiles of the atmosphere. The remaining two
parameters (layer model) are empirical atmospheric constants. ‘

e ey
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APPENDIX D
TOXICITY CRITERIA

J. Briscoe Stephens, John W, Kaufman, Leonard L. DeVries
Michael Susko, and C. Kelly Hill

Realistic evaluation of the potential hazard arising from high near-field
concentrations of toxic effluents from solid rocket exhausts requires both a
knowledge of the surface deposition of these effluents, which can be obtained
with the MSFC/NASA Multilayer Diffusion Model (Appendix B), and toxicity
criteria to evaluate the hazard from this surface deposition of effluent, which
is the purpose of this discussion. The Federal Air Quality Criteria do not
presently include any of the liquid or solid rocket exhaust effluents; however,
the National Academy of Sciences does afford definite guidelines for the
exposure to the toxic effluents associated with these exhausts. These guide-
lines are ecologically sound, based on the current limited knowledge of the
effects of these effluents, and are the basis of the toxicity criteria that will be
given [ 11, 12],

The primary effluents from any solid rocket exhaust are aluminum
oxide (Al,04), hydrogen chloride (HCl1), carbon monoxide (CO), carbon
dioxide (CO,), hydrogen (H,), nitrogen (N,), and water vapor (H,0), While
only the first four compounds are toxic in significant concentrations, there is
always a potential hazard of suffocation from any gas which results in the
reduction of the partial pressure of oxygen to a level below 135 mm Hg (18
percent by volume at STP). Oxygen level reduction does not appear to be a
hazard from rocket exhausts because of the large volume of air that is entrained
into these exhaust clouds; therefore, this potential hazard can be neglected in
this discussion and attention can be directed to only the initial four toxic com-
pounds. (A liquid rocket motor has only one toxic effluent, carbon monoxide. )

The exposure level for toxic effluents is divided into three categories:
public exposure level, emergency public exposure level, and occupational
exposure level. The public exposure levels are designed to prevent any
deirimental health effects both to all classes of human beings (children, men,
women, the elderly, those of poor health, etc.) and to all forms of biological
life. The emergency level is designed as a limit in which some detrimental
effects may occur, esperially to biological life. The occupational level gives
the maximum allowable concentration that a man in good health can tolerate;
this level could be hazardous to various forms of biological life.

65



Fe¥ g e el .l

b

iy

e s o AN ———.

The toxicity criteria for the toxic effluents in solid rocket exhausts are
given in Table D-1, Public health levels for aluminum oxide are not given

because the experience with these particulates is so limited ihat, at best, the
industrial limits are just good estimates,

Hydrogen chloride is an irritant; therefore, the concentration criterion
for an interval should not be exceeded [12], Since hydrogen chloride is
detrimental to biological life, and in view of the fact that most launch sites are
encompassed by wild life refuges, the emergency and industrial criteria for
hydrogen chloride are not appropriate to the ecological constraints, Because
of the large volume of air entrained in the exhaust cloud, the potential hazard
from carbon monoxide and carbon dioxide can be, in general, neglected.

Any detrimental health effects resulting from combined toxicological
action of these ingredients have been omitted because of a lack of knowledge
in this area, However, investigations are currently underway to study this
problem and to learn more about the biological effects of hydrogen chloride,
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TABLE D-1, AIR QUALITY TOXICITY STANDARDS®

METEOROLOGICAL INPUTSJ—-—.r———-LSOURCE INPUTS ]

PROGRAM

CONCENTRATION, DOSAGE, AND DEPOSITION MODELS

I. SOURCE DISTRIBUTION

ELLIPTIC.CYLINDRICAL SOURCE EXTENDS VERTICALLY
THROUGH ENTIRE DEPTH OF LAYER AND TURBULENT
MIXING IS OCCURRING

ELLIPSOIDAL SOURCE DOES NOT EXTEND VERTICALLY
THROUGH ENTIRE DEPTH OF LAYER

Il. ENVIRONMENTAL EFFECTS

SOURCE EXTENDS VERTICALLY THROUGH ENTIRE DEPTH
OF LAYER AND TURBULENT MIXING IS NOT OCCURRING

FULL TRANSITION MODEL FOR STEP-CHANGE IN LAYER
STRUCTURE

ill. DEPOSITION EFFECTS

PRECIPITATION SCAVENGING

GRAVITATIONAL SETTLING

Y 1

LOGIC SECTION 1
CALCULATES DOSAGE AND CONCEN-
TRATION PATTERNS AND SURFACE

LOGIC SECTION 5

DEPOSITION DUE TO PRECIPITATION MODEL 6

SCAVENGING: MODELS 1,2, 3,4,5

CALCULATES DEPOSITION DUE
TO GRAVITATIONAL SETTLING:

—r————-—————————

] Y

LOGIC SECTION 2
CALCULATES PEAK
DOSAGE AND PEAK
CONCENTRATION:
MODELS 1,2, 3

LOGIC SECTION 4
CALCULATES ISOPLETHS
OF DOSAGE AND CONCEN-
TRATION IN THE y-z
PLANE: MODELS 1,2, 3

L

LOGIC SECTION 3

CALCULATES ISOPLETHS OF DOSAGE
AND CONCENTRATION IN THE x-y
PLANE: MODELS 1, 2,3

| OUTPUT LISTING l
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